In Brief
The DM domain gene dsx1 is exclusively expressed in males of the crustacean Daphnia magna. Kato et al. demonstrate that the lncRNA DAPALR activates dsx1 in trans. It overlaps dsx1 5 0 UTR, and this overlapping region is required for dsx1 activation. This work will improve understanding of the biogenesis and function of sense-overlapping lncRNAs.
SUMMARY
Long noncoding RNAs (lncRNAs) are pervasively transcribed in the eukaryotic genome [1] and are important for the control of master regulatory genes that are involved in cell differentiation and development [2, 3] . Here, we show that a 5 0 UTR-overlapping lncRNA regulates the male-specific expression of the DM-domain gene doublesex1 (dsx1) in the crustacean Daphnia magna, which produces males in response to environmental stimuli. This lncRNA, named doublesex1 alpha promoter-associated long RNA (DAPALR), is transcribed upstream the transcription start site (TSS) in a sense orientation and subjected to 5 0 end capping and 3 0 end processing at a stem-loop structure before the dsx1 coding exon. Similar to dsx1, its expression is only activated in males by the juvenile hormone (JH) and basicleucine zipper (bZIP) transcription factor Vrille (Vri) and is maintained during embryogenesis. Knockdown of DAPALR in males silenced dsx1 and led to feminization, including egg production, whereas ectopic expression of DAPALR in dsx1-silenced females resulted in the de-repression of dsx1. We further demonstrate that the DAPALR transcript overlaps the dsx1 5 0 -UTR, and this overlapping region is required for dsx1 activation. Our results suggest that DAPALR can transactivate and possibly maintain dsx1 expression. This might be important for converting transient environmental signals into stable male development, controlled by the continuous expression of dsx1.
RESULTS AND DISCUSSION
Activation of dsx1 Expression by the dsx1 5 0 Noncoding Sequence In Daphnia magna, JH is secreted in response to environmental signals, such as crowding and temperature, and triggers malespecific expression of two dsx1 mRNA isoforms (dsx1a and dsx1b). Each isoform has a specific region in the 5 0 UTR but shares a part of 5
0 UTR, open reading frame (ORF), and 3 0 UTR ( Figure 1A ) [4] . The expression of both isoforms is exclusively maintained in males during development [4, 5] .
While investigating the role of 5 0 UTRs in dsx1 mRNA stability and translation efficiency, we developed chimeric reporter mRNAs. Each of the dsx1a-and dsx1b-isoform specific regions was linked to the common dsx1 5 0 UTR and DsRed2 ORF with a dsx1 3 0 UTR, resulting in DsRed2/dsx1a UTR and DsRed2/dsx1b UTR RNAs ( Figure 1A ). Despite lacking a dsx1 ORF, DsRed2/ dsx1a RNAs coded for a male trait, i.e., the elongation of the first antennae in female embryos (Figure 1B, Table S1 ), which was consistent with the phenotype induced by dsx1 mRNA injection [4] . In contrast, neither DsRed2/dsx1b RNA nor the negative control DsRed2 RNA with D. magna elongation factor 1 a-1 (EF1a1) UTRs induced phenotypic changes ( Figure 1B , Table S1 ), suggesting that the a isoform-specific noncoding region might control male trait development.
To test this hypothesis, we injected the RNA that codes only for the dsx1a-isoform specific region, and this also led to the development of elongated first antennae in a dose-dependent manner ( Figure 1C , Table S2 ). To further confirm the role of the a isoform-specific region in dsx1 activation, the RNA coding for this region was injected into the dsx1-reporter strain of D. magna. In this transgenic line, the mCherry ORF fused to dsx1 3 0 UTR is integrated at the dsx1 start codon on one of two alleles, and the integrated mCherry expression is controlled under the endogenous dsx1 promoter and enhancer [5] ; the wildtype dsx1 gene is located in the other allele. In this transgenic line, the histone 2B-enhanced green fluorescence protein (H2B-EGFP) gene is controlled by the EF1a1 promoter and enhancer and exhibits green fluorescence in the nucleus [5] . Injection of 1,000 pg RNA resulted in mCherry fluorescence in embryos ( Figure 1C ), indicating that the dsx1a-specific noncoding sequence is involved in dsx1 activation and in male trait development.
Identification of the lncRNA DAPALR, Overlapping the dsx1 5 0 UTR in a Sense Orientation The gene dsx1 is composed of four exons and covers around 20 kb of the genome (Figure 2A ) [4] , and its dsx1a and dsx1b isoforms are transcribed from two different promoters. Exons 1 and 2 code for the dsx1b-isoform specific region, while exon 3 codes for the dsx1a-isoform specific region. The protein-coding exon 4 is shared by the two isoforms and codes for part of their 5 0 UTR and for their ORF and 3 0 UTR. Genomic tiling path microarrays from D. pulex, the closest relative to D. magna, revealed an uncharacterized RNA transcribed upstream the dsx1 coding exon ( Figure S1 ) [6] . Interestingly, its transcribed region includes a putative noncoding exon, orthologous to D. magna dsx1 exon 3 (Figures 2A and S1 ). We named this RNA DAPALR and examined the expression of the orthologous DAPALR in D. magna male juveniles 72 hr after ovulation. Using primers specific for a part of DAPALR, including exon 3 (Figure 2A ), the RT-PCR produced a single DNA fragment with the expected size based on D. magna genome ( Figure 2B ).
To determine if DAPALR contains a polyadenylated [poly(A)] tail, poly(A) + RNA was separated from total RNA, and the relative abundance of DAPALR in the total and poly(A) À RNA was compared by quantitatoive PCR (qPCR). We found that almost all DAPALR transcripts were retained in the poly(A) À RNA fraction, although more than 50% of Dsx1-and EF1a1-coding RNAs were trapped by the oligo(dT) probe, indicating that DAPALR is a non-polyadenylated RNA ( Figure 2C) . To obtain the full-length sequence of DAPALR, we performed 5 0 and 3 0 rapid amplification of cDNA end (RACE). We first enriched DAPALR transcripts from the poly(A) À RNA fraction of juveniles 72 hr after ovulation and then ligated an adaptor to the 3 0 end of the isolated transcripts. Another adaptor was linked to the 5 0 end of the transcript in a capstructure-dependent manner following RNA ligase-mediated (RLM) and oligo-capping RACE methods [7] . After cDNA synthesis, the 5 0 and 3 0 ends were amplified by PCR with DAPALR-specific primers.
We were able to amplify a single PCR product from DAPALR via 5 0 and 3 0 RACE procedures ( Figure 2D ). The 5 0 RACE revealed that DAPALR was capped, and its TSS was 3,261 bp upstream that of dsx1a ( Figures 2E and S2 ). In the 3 0 RACE, the 3 0 end was mapped within intron 3 before the dsx1 coding exon ( Figures 2E and S2 ). The sequence close to the 3 0 end was conserved in D. pulex ( Figure 2F ). Prediction of the RNA secondary structure using CentroidFold (http://rtools.cbrc.jp/ centroidfold/) [8] 
indicated 3
0 processing at an apical loop of the stem-loop structure ( Figure 2G ). In addition, after the processing, a new hairpin stem loop may be formed at the 3 0 end of mature DAPALR ( Figure S3 ). This loop might protect DAPALR from degradation by 3 0 -5 0 exonucleases. The well-studied non-polyadenylated lncRNAs Malat1 and Neat1 also contain a stabilizing 3 0 terminal RNA triplex structure [9] , suggesting the importance of higher-order structure-mediated stabilization of non-polyadenylated RNAs.
Thus, DAPALR, which comprises 3,650 nucleotides of a capped and non-polyadenylated transcript (Figure 2A and Figure S2 ), is not a dsx1-coding RNA and is regulated separately from the dsx1 gene. The Coding Potential Calculation tool [10] suggested the presence of an ORF encoding 47 amino acids upstream exon 3; however, we were unable to identify any similar proteins in the National Center for Biotechnology Information (NCBI) database. Furthermore, the amino-acid sequence of DAPALR was not conserved, even between D. magna and D. pulex, suggesting that it is a long noncoding RNA.
Sexually Dimorphic Expression of DAPALR Is Triggered by JH-Vri Signaling Next, we examined DAPALR expression during embryogenesis by qPCR. Its expression levels were around 10 times lower than that of dsx1 but increased over 72 hr in male embryos ( Figure 3A ), suggesting that it plays an important role in male sex determination and maintenance. Recently, we showed that dsx1a mRNA expression is triggered by the JH-dependent Males have elongated first antennae, which are indicated with asterisks (*). Molar amounts of the RNAs injected into eggs were set to be equal to those of dsx1 mRNA that successfully induced male trait development in female embryos in a previous study [4] . Scale bar, 100 mm. See also Table S1 . (C) Masculinization and mCherry activation in females of the dsx1-reporter strain by injection of RNA that codes for Dsx1a isoform-specific region only. Pictures of the cephalic region and fluorescent embryos were taken three and two days after the injection of RNAs, respectively. Green protein fluorescence in the nucleus enabled observing body structures. Scale bar, 100 mm. See also Table S2 .
bZIP transcription factor Vri in males [11] . Here, we examined whether DAPALR is co-regulated by the same signaling pathway. We used cDNAs from Vri-deficient male embryos prepared previously using small interference RNA (siRNA) [11] and measured DAPALR expression by qPCR. Transcripts of DAPALR decreased to 35% and 55% in Vri_siRNA_1 and Vri_siRNA_2 embryos, respectively, relative to control-siRNAinjected embryos ( Figure 3B ). To verify if Vri is sufficient to activate DAPALR expression in females, we measured DAPALR expression in female embryos that were previously subjected to ectopic expression of Vri [11] . Results showed a 1.9-fold increase of DAPALR expression in such females (Figure 3C ). We also disrupted the Vri binding site (Figure 2A ) on the genome of the dsx1-reporter strain by using Cas9 protein and guide RNAs (gRNAs) as previously reported [11] . Similar to dsx1, DAPALR expression was reduced compared to that in control embryos injected with EGFP-targeting gRNA (Figure 3D ). These results indicated that DAPALR activation is controlled by JH-Vri signaling. 
DAPALR Activates dsx1 Expression
The sexually dimorphic expression of DAPALR suggested that the level of DAPALR expression might mediate sex determination. To test this hypothesis, we performed RNA interference (RNAi) of DAPALR. Eggs induced to become males, following exposure of the mother to fenoxycarb during a critical stage of oocyte development [12] , were injected with DAPALR-specific or control siRNAs ( Figure 4A ), grown to sexually mature adults, and then subject to phenotypic evaluation. At the first instar stage, microinjection of DAPALRspecific siRNAs led to the development of shortened first antenna, which was consistent with the antennal length of females. Ovarian development was observed, although feminized daphniids were unable to produce eggs (Table S3) .
We confirmed the specificity of the knockdown by using chemically modified siRNAs, called stealth siRNAs, which are more stable than conventional siRNAs in vivo [13] . The stealth siRNA was designed for the regions non-overlapping the siRNA-targeted site ( Figure 4A ) and injected into eggs obtained from previously generated H2B-EGFP-expressing transgenic daphniids [14] . As expected, DAPALR-specific stealth siRNAs induced feminization in male daphniids ( Figure S3 ). In addition, DAPALR-knockdown male daphniids successfully produced G1 embryos (Figure 4B and Table S3 ), probably due to prolonged silencing of DAPALR by stable stealth siRNAs, and the dsx1-specific stealth siRNAs led to the same phenotype as DAPALR-specific stealth siRNAs. DAPALR-specific stealth siRNAs reduced the DAPALR and dsx1 mRNA transcripts to 25% and 8%, respectively, relative to control stealth siRNAinjected embryos ( Figure 4C ).
Although we designed siRNAs in a region specific to DAPALR ( Figure 4A ), we could not exclude the possibility of RNAi-mediated heterochromatin formation into the adjacent dsx1 gene, as reported in Drosophila melanogaster and Caenorhabditis elegans [15] . Thus, to determine if DAPALR expression is sufficient to trigger male development in females, we ectopically expressed DAPALR in females. We constructed a plasmid in which the D. magna EF1a1 promoter and enhancer drives the expression of full-length DAPALR ( Figure 4A ). This plasmid was injected into eggs of the dsx1-reporter strain, which were destined to develop into females. 30 hr after injection, ubiquitous mCherry reporter expression was observed in contrast to the control plasmid ( Figure 4D and Table S4 ). At 72 hr, one of the female daphniids overexpressing DAPALR retained mCherry fluorescence, especially in male-specific traits such as the first antennae and first thoracic segments, and showed elongated first antennae ( Figure 4E ). To examine if the endogenous dsx1 gene was also activated, we measured dsx1 expression in plasmid-injected embryos. Injection of DAPALR expression plasmid increased the quantity of DAPALR and dsx1 mRNAs relative to control plasmid-injected embryos ( Figure 4F ). The dsx1a-isoform specific region (same as exon 3) ( Figure 4A ) was also located downstream the EF1a1 promoter and enhancer, and injection of the resulting plasmid also led to red fluorescence (Table S4 ). These results demonstrate that the DAPALR transcript overlaps dsx1 5 0 UTR, and this overlapping region is required for dsx1 activation.
Previous studies reported that some lncRNAs overlap neighboring coding genes and that lncRNA transcription itself is a regulator of the target gene expression [16] . Our study demonstrates that the sense-overlapping lncRNA DAPALR can activate dsx1 expression in trans. Although we could not demonstrate DAPALR's mechanism in the present study, it is unlikely that it targets dsx1 mRNAs because its expression level is around 10 times lower than that of Dsx1 ( Figure 3A) . Instead, because a previous study suggested that the dsx1 locus is in the closed chromatin state in females [11] , DAPALR might trigger the R-loop formation that leads to higher dsx1 expression by recruiting chromatin-remodeling factors, which is similar to lncRNA's mechanism in mouse embryonic stem cells [17] . It is also possible that, similar to the extra-coding RNAs in the neuronal systems of rat, DAPALR activates the overlapping dsx1 gene by repressing DNA methylation [18] . Taken together, these results and hypotheses suggest that the promoter-a perceives the JH signal, expresses DAPALR, and activates and maintains dsx1 expression. This simple mechanism might explain how environmental signals drive male-determining pathways and maintain sex-specific trait development.
The results reported here might also help understand the regulation of the functionally conserved DM-domain gene. Mechanisms underlying sex-determining pathways have been extensively studied in model organisms, such as D. melanogaster, C. elegans, and mouse, and several key genes have been identified [18, 19] . These have shown that, through the interactions of several genes in a hierarchical manner, initial cues ultimately lead to sex-specific expression of the major effector of sexual differentiation, a DM-domain gene, which encodes a transcription factor containing a DNA-binding domain, or DM-domain [20, 21] . Regulators of DM-domain gene expression are proteinaceous transcription factors and splicing factors [21] .
Our results demonstrate that lncRNAs might have been important regulators of DM-domain genes during evolution.
The present study demonstrates that the lncRNA DAPALR activates the DM-domain gene dsx1 in trans. It overlaps dsx1 5 0 UTR, and this overlapping region is required for dsx1 activation. We anticipate that this work will improve understanding of the biogenesis and function of sense-overlapping lncRNAs. 
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yasuhiko Kato (kato_yasuhiko@bio.eng.osaka-u.ac.jp). [14] . The dsx1-reporter strain, which was generated by introducing the mCherry gene upstream the dsx1 coding sequence in the HG-1 genome [5] was also used.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

METHOD DETAILS
Synthesis of capped and poly(A) RNAs
For the preparation of DsRed2 RNAs harboring dsx1 UTRs, an ORF of dsx1a or dsx1b expression plasmid (pCS-Dsx1a or pCS-Dsx1b) [4] was replaced by the DsRed2 ORF, resulting in pCS-DsRed2/Dsx1a UTR or pCS-DsRed2/Dsx1b UTR. For the expression of DsRed2 mRNA harboring EF1a1 UTRs, we used a previously constructed plasmid, pCS-DsRed2/EF1a1 UTR [26] .
In vitro transcription with T7 RNA polymerase and poly(A) tail addition was performed the commercial mMESSAGE mMACHINE and Poly(A) Tailing kits, respectively (both Ambion, Foster City, CA, USA), according to the manufacturers' instructions. The size of synthesized RNAs and length of the attached poly(A) tail were analyzed in Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA) or by denaturing formaldehyde gel electrophoresis. Templates were prepared by PCR using primers corresponding to the 5 0 -and 3 0 ends of each mRNA sequence or dsx1a isoform-specific region. The T7 polymerase promoter sequence was attached to the 5 0 end of the forward primer. Including about 250 nucleotides (nt) of poly(A) tail in the synthesized transcripts, increased their average lengths to about 2500 nt for DsRed2/dsx1a UTR and DsRed2/dsx1b UTR transcripts and 1110 nt for DsRed2/EF1a1 UTR. The RNA amounts used in microinjection took this difference of molecular size between the transcripts into account.
Microinjection
Eggs were obtained from 2-or 3-week-old D. magna just after ovulation and placed in ice-cold M4 media [27] containing 80 mM sucrose (M4-sucrose). Microinjection was performed as described previously [28] . The specific RNAs, proteins, and plasmids for each experiment were mixed with 1 mM Lucifer Yellow dye (Invitrogen, Carlsbad, CA, USA) as an injection marker. After injection, each egg was incubated in a 96-well plate for the appropriate time.
RT-PCR and qPCR
Temporal changes in DAPALR and dsx1 expression levels during embryogenesis (0, 6, 12, 18, 24, 30, 48 , and 72 hr after ovulation) were analyzed using embryonic cDNAs prepared previously [29] . qPCR was performed in an Mx3005P (Stratagene, La Jolla, CA, USA) using the SYBR GreenER qPCR SuperMix (Invitrogen), in the presence of appropriate primers. PCR Amplifications were performed in triplicate using the following conditions: 2 min at 50 C and 10 min at 95 C, followed by a total of 40 cycles with two temperatures (of 15 s at 95 C and 1 min at 60 C). The primers were chosen to amplify short PCR products of (< 150 bp). Embryonic expression levels were respectively normalized by the number of embryos as described previously [29] . Three separate experiments per subject were performed.
To confirm the expression of DAPALR, a PCR was performed using ExTaq (Takara, Shiga, Japan) and the following primer pair: forward, 5 0 ) and reverse (5 0 -CACCGACGTACGAATCCTTCTGACC-3 0 ) primers for b-actin were designed to contain an intron in the PCR fragment, and their use allowed distinguishing gDNA-derived products from cDNA-derived products based on length (cDNA: 264 bp, gDNA: 675 bp).
To examine if DAPALR contained a poly(A) tail, 100 mg of total RNA from 400 male juveniles was subjected to the PolyATtract mRNA Isolation System (Promega Corporation, Tokyo, Japan) for fractionation of poly(A) + and poly(A)-RNAs. Complementary DNA synthesis and qPCR were performed as described previously [29] , using the 18S rRNA gene for normalization. The primers for qPCR were listed in Table S5 .
Cloning of the DAPALR gene Poly(A)-RNAs (200 mg) were prepared from 800 male juveniles as described above. Using biotinylated antisense oligos (5 0 -ACCACCGTTGTTGTGTCGATGAGTATCCCC-3 0 ) designed upstream the dsx1-a TSS, DAPALR was enriched with the mMACS Streptavidin Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Following a previous study [30] and the manufacturer's manual supplied with the small RNA Cloning Kit (Takara), a biotinylated RNA/DNA 3 0 adaptor was ligated to the 3 0 end of the purified DAPALR. To attach the RNA oligo at the 5 0 end of the RNAs harboring the 3 0 adaptor, we used the GeneRacer Kit (Invitrogen), which allowed performing RLM and oligo-capping RACE [7] . The cDNAs were synthesized using the PCR-R & RT-primer (5 0 -GTCTCTAGCCTG CAGGATCGATG-3 0 ) supplied in the small RNA Cloning Kit (Takara). The full-length cDNA was obtained by RACE PCR using the oligonucleotides listed in Table S5 .
Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system-mediated mutagenesis The method for disruption the Vri binding site in the dsx1 promoter a is described in a previous study [11] . Briefly, gRNAs were synthesized from templates prepared by the cloning free method [31] and subjected to in vitro transcription using the MEGAscript T7 kit (Invitrogen). Synthesized RNAs were purified using mini Quick Spin RNA columns (Roche diagnostics GmbH, Mannheim, Germany), phenol/chloroform extraction, and ethanol precipitation. Precipitated RNAs were dissolved in DNase/RNase-free water (Invitrogen) and co-injected with Cas9 protein into the eggs of the dsx1-reporter strain. For control, two gRNAs targeting the EGFP coding sequence were co-injected with Cas9 protein into the eggs of the dsx1-reporter strain that were destined to be males. Four or five embryos were collected at 36 hr after injection and subjected to total RNA isolation and cDNA synthesis as described previously [29] . The target sites of two EGFP-targeting gRNAs were 5 0 -GGGCGAG GAGCTGTTCACCGggg-3 0 and 5 0 -GGCATCGCCCTCGCCCTCGCcgg-3 0 (protospacer adjacent motif shown in lowercase). Ten microgram of yeast tRNA (Ambion) was added in each sample as a carrier during purification. Four biological replicates were used in this experiment.
RNAi
Small interference RNAs and stealth siRNAs for DAPALR or dsx1 were designed using the Block-iT RNAi Designer at http://www. invitrogen.com/rnaidesigner.html. The sequences of siRNAs are as follow: DAPALR, 5 0 -GCAACGCGUUCACGUCAAA-3 0 ; Control, 5 0 -GGUUUAAGCCGCCUCACAU-3 0 [22] . Two nucleotides dTdT were added to each 3 0 end of the siRNA strand. The stealth siRNA sequences are as follows: DAPALR, 5 0 -CGGACGUAAUUUGUGUUGUUUCCAA-3 0 ; dsx1, 5 0 -UCAAGACGUUAAGGCUGAAAUC GAA-3 0 ; Control, 5 0 -UCACAUGAUGACGGUAAUACGAGAA-3 0 . Small interference RNAs (100 mM) or stealth siRNAs (100 mM) were prepared and injected into HG-1 eggs destined to be males. To examine the effects of DAPALR knockdown on dsx1 expression, two embryos injected with stealth siRNAs were collected at 24 hr after injection and subjected to total RNA isolation and cDNA synthesis as described previously [29] . Ten microgram of yeast tRNA (Ambion) was added in each sample as a carrier during purification. Three biological replicates were used in this experiment. The cDNAs previously prepared in a Vri knockdown experiment [11] were used here to examine the effects of Vri knockdown on DAPALR expression.
Ectopic expression
To construct a plasmid for DAPALR expression under the control of D. magna EF1a1 promoter/enhancer, the coding sequence of H2B-EGFP in pCS-EF1a1::H2B-GFP [14] was replaced by the full-length sequence of DAPALR or dsx1a isoform-specific region, resulting in pCS-EF1a1::DAPALR or pCS-EF1a1::Dsx1 exon3. To generate a control plasmid pCS-EF1a1::EF1a1 UTR, the DAPALR sequence was removed from the pCS-EF1a1::DAPALR. Each plasmid (50 ng/mL) was injected into eggs of the dsx1-reporter strain destined to be females. Four embryos were collected at 30 hr after injection and subjected to total RNA isolation and cDNA synthesis as described previously [29] . Ten mg of yeast tRNA (Ambion) was added in each sample as a carrier during purification. Three biological replicates were used. The cDNAs previously prepared in a Vri overexpression experiment [11] were used here to examine the effects of Vri overexpression on DAPALR expression.
QUANTIFICATION AND STATISTICAL ANALYSIS
For significance testing, unpaired t test was performed with Excel 2017 (Microsoft, Redmond, WA). The value of n that represents the number of independent replicates is described in the figure legends. *p < 0.05 by Student's t test. Error bars represent SEM.
DATA AND SOFTWARE AVAILABILITY
The accession number for the DAPALR sequence reported in this paper is DDBJ: LC378441.
